Two statistical downscaling models were used to downscale regional climate change scenarios, on the basis of the outputs of three general circulation models (GCMs) and three emission scenarios.
INTRODUCTION
On the basis of past greenhouse gas emissions and inertia in socioeconomic systems, it is anticipated that future climate change is unavoidable and that adaptation will become necessary. Climate change is likely to produce significant effects on the hydrological cycle through global-warminginduced changes in snow and ice cover, changes in precipitation patterns and changes in soil moisture and runoff.
Although there is considerable uncertainty in the projected patterns of precipitation at the regional scale, the Intergovernmental Panel on Climate Change (IPCC) fourth report (AR4) suggests that precipitation and average annual river runoff are likely to increase in the mid-latitudes and some areas in the humid tropics, but likely to decline in many semiarid regions (Solomon et al. ) . However, given that the adaptation policy tends to be made at national, regional and local levels, there is a need to assess the impact of climate change on hydrological processes and water resources at these scales.
General circulation models (GCMs) are the primary tool for generating climate change scenarios (Murphy et 
; Maurer et al. ).
It is important to identify whether simple or complex models should be used for selecting a suitable model (Jiang et al. ) . There are many factors involved in the choice of a model for a particular study (Gleick ) , in which the dominant factors include the purpose of study and model and data availability (Xu ) .
Given that the main purpose of this study is to assess the hydrological impacts of climate change in a macro-scale basin, a macro-scale hydrological model, namely the VIC model (Liang et al. , ) , was used. The VIC model has been widely used at large scales, and it has also been used for studies for the arid regions in China (Su & Xie ; Xie et al. ) .
Overall, the method that uses climate change scenarios downscaled from GCM outputs to drive hydrological models is the most useful method for assessing the impacts of future climate change on regional hydrology. Further, on the basis of multi-GCMs and multi-emission scenarios, climate projections can provide an uncertainty envelope for the projected runoff. These methods have been widely applied in recent studies of different countries and regions, In this study, multi-GCMs and multi-emission scenarios were downscaled for regional climate projections, which could represent an uncertainty envelope for impact assess- Figure 1 , the HC of the TRB can be regarded as a single catchment with relatively independent hydrological units; it was therefore selected as the study area. The catchment has distinct runoff generation characteristics. Annual precipitation in the plain region is usually less than 100 mm; runoff is therefore not generated. Runoff is only generated in the high mountainous region, but it is consumed in the low plain region due to evaporation or irrigation. 1964, 1971, 1976-1979, 1981, 1983-1984, 1986-1987 and 2001-2005 .
NCEP reanalysis data
The 
NHMM
The NHMM can be defined by a state transition probability matrix and a precipitation occurrence probability 
MODEL SETTINGS AND EVALUATION CRITERIA
The long observed data series were split into two periods, 1981-2000 and 1961-1980, which to calibration and validation, respectively; -c, -e, -g refer to predictors of CSIRO30, ECHAM5 and GFDL21, respectively; tx, tn refer to maximum and minimum air temperatures, respectively; tn5, tx95, p95 mean 5th value of minimum air temperature, 95th value of maximum air temperature and wpa, respectively.
considered. Three variables, namely wet-day precipitation amount (wpa), wet-spell length (wsl) and dry-spell length (dsl) were analysed for precipitation.
Two skill scores, BS and S score based on probability density functions (PDFs), were used to measure how well each model captured the PDFs of each variable; the scores were assessed with daily data series and computed as shown:
(1)
where P mi and P oi are the modelled and observed ith probability values, respectively, of each bin and n is the number of bins. BS is the mean squared error measure for probability forecasts (Brier ) and S score calculates the cumulative minimum value between the observed and modelled distributions for each binned value, thereby measuring the overlap area between two PDFs (Perkins et al. ).
ANALYSES OF RESULTS

Model performance
Model biases of air temperature and precipitation for both mean and percentile values are shown in Figure 2 . The mean value of model biases at all stations was about 0.5 W C for the simulated T max and T min during both calibration and validation periods. Figure 2 shows that NHMM tends to underestimate the three statistics of precipitation (dsl, wsl and wpa). Underestimation of dsl and wsl implies that the simulated wet or dry spell lengths are shorter than the observed durations. However, there is no significant difference between the simulated and observed precipitation, with the REs of the three precipitation statistics being less than 15%. The results of the two PDF-based skill scores S score and BS for air temperature and precipitation are shown in Notably, the winter T min showed increasing trends under all combined scenarios for both periods, which may result in greater snowmelt runoff in the HC.
Impact of climate change on monthly runoff
Daily meteorological data at each station, generated by downscaling models, were input to the calibrated VIC-3L model to simulate hydrological processes under climate change scenarios in the study area.
Monthly, seasonal and annual changes for runoff at the HC, which is controlled by the Alar station, are shown in Monthly runoff changed by less than 10% under most combined climate change scenarios, except in NovemberJanuary of the following year in which the changes in the monthly runoff were higher than 20%. Although there was a relatively large change in the runoff for November-January, the increased water volume was not so great because it was in low-flow seasons. In both periods, there was an obviously increasing trend of the runoff in April (which might be beneficial to agricultural irrigation in spring).
Monthly and seasonal runoff changed more under A2 and A1B than under B1, while there was little overall difference among the three GCMs.
Although the results showed a decreasing trend for precipitation during June-August (summer), runoff in these months tended to increase during the period of 2081-2100 ( Figure 5 ). In addition, there were decreasing trends for precipitation in the period November-January ( Figure 5 ), whereas runoff exhibited obviously increasing trends. For example, it can be seen from Figure 7 that runoff increased by more than 20% in January, while corresponding precipitation showed a minor reduction of less than 3% and even decreased by more than 10% under some combined climate change scenarios. The overall outcome of increased runoff despite reduced precipitation might be due to increased snowmelt runoff due to increased air temperature. Runoff in the HC tended to exhibit a decreasing trend under future climate change scenarios, but showed 
